Based on the "integral finite difference" method (Edwards, 1972; Narasimhan and Witherspoon, 1976 ) the continuum equations are discretized in space using appropriate vololme averages and surface integrals approximated as a discrete sum of averages over suraf' segments %, [see Appenix B of Pruess(l991) for details]. Time is discretized as a first order backward difference which results in the following set of coupled non-linear, algebraic equations
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The component flux:
where XKp is mass fraction of component K in phase $. Individual phase mass fluxes, Fpm, are given by a multi-phase version of Darcy's law:
In Equation (4), I$, is the absolute permeability, k , is relative permeability of phase b, m, is viscosity of phase b, and P, is the pressure in phase b. g, denotes a component of the vector of gravitational acceleration. The entire geometric information of the space discretization in Equations (2) and (4) is provided h u g h the grid block volumes V,, interface m a &, nodal distances Dm and components g,,,,, of gravitational acceleration along nodal lines. The subscript (nm) denotes a suitable averaging at the interface between grid blocks n and m using the various weighting schemes.
Requirement Specifications and code development
Changes made to address specific issues in each of the modules are listed as the following:
Interface area reduction scheme
For studying flow and transport in unsaturated fractured media, an important aspect is the evaluation of interaction between matrix blocks and the surrounding frslctures. In the dual-permeability model, the fractured blocks interact with the matsix blocks according to the interface area between the two connecting blocks and their respective state variables. In the previous qualified version (Pruess et al., 1996) , the complete fractm-matrix interface area was available by the setting isotropic parameter, ISOT=l, for each f h c~--m a c r i x connection. However, the= is evidence that f i a c t u r e e interaction in the unsaturated m e at Yucca Mountain is limited due to fingering flow in fractures (Glass et d., 1996) and mineral coatings on the Eracture surfaces, and in fact there may be only art of frslcture-P matrix interface areas that contributes fractm-matrix inter flow. Details o the conceptual m&Is to reduce the Eracture-matrix interface area have been proposed by Thoma et al. (1992) , Altman et al. (1996) , Ho (1997) . and Bodvarsson et al. (1997) . In TOUOH2 the input data specified in CONNE introduces idonnation for the connection between elements (PNess, 1987) . The format is as given below Card CONNE. 1 Format (A3,12,A3,I2,4I5,4E 10.4) L1, NE1, EL2, NE2, NSEQ, NADl.NAD2, ISOT, Dl, D2,AREAX, B E T~ Specifically in CONNE.1, the parameter ISOT is set equal to 1, 2 or 3 which allows assignments of different anisotropic permeabilities for the materials in elements (ELI, NE1) and (EL2, NE2) making up the connection. AREAX is the interface area (m2).
A number of reduction approaches for fracWma.trix interface areas have been implemented for use in the dual-permeability flow simulations of the UZ model. Different cases are treated in all the revised modules by setting ISOT to a proper negative value which triggers different treatment for the reduction of the fracture-matrix interface area. These are discussed in detail in the section related to validation test plan and results.
Modified weighting scheme for vitridzeolitie interface
The TOUGH2 code is presently used for modeling fluid and heat flow and chemical transport at the Yucca Mountain site. A major task in building the numerical model is an accurate representation of the complex geological layering and structure resulting from numerous periods of volcanism and tectonism since the Miocene. In the vertical direction, heterogeneities primarily result from the deposition of ash flow and air fall tuffs found beneath Yucca Mountain. One major complexity is the post-depositional activity related to hydrothermal alteration. This is of specid impoltance in the hydrologically significant vitric and zeolitic portions of the Calico Hills and Prow Pass formations, because permeabilities vary by several orders of magnitude when crossing the vitridzeolitic interfaces in these units (Hinds et al., 1997; Bandarruga et al., 1997) .
For the vertical vitricholitic matrix-matrix interface, a modified downstream weighting scheme has been proposed and implemented into the TOUGH2 code. In this scheme, vertical downward matrix to matrix flow is evaluated using the mobility of the underlying, low-permeable zeolitic blocks in order to avoid overestimates of flow into the zeolitic matrix blocks. It should be mentioned that in petroleum literature, upstream weighting is traditionally used for relative permeabilities and harmonic weighting is used for absolute pemeabiities in handling multi-phase f l~w in porous media. This conventional technique works reasonably well for cases of multiphase flow as long as contrasts in flow p~operties of adjacent f o d o n layers are not very large, such as in single porosity media For simulating mwltiphase flow in fracWporous media, Tsang md Pnress (1990) recognized that this traditional weighting scheme gives axtXcial flow resistance and can lead to physically incorrect solutions for highly heterogeneous composite formations with alternate layers of non-welded and welded tuffs, such as at Yucca Mountain. Therefore, except for the vitridzeolitic matrix-matrix connections, full upstream weighting scheme is recommended to use for both relative and absolute pemeabilities in order to obtain physically plausible solutions.
Post-processing for mass flux and flow velocity
A new subroutine for the calculation of the velocity and mass flux at each node is developed. This subroutine (vel-c) takes into account the irregular features of the grid and calculates the pore velocity and mass flux vectors using the state variables in the neighbowing elements at user's specified time steps. The objective of this submutine is to speed up the post-processing in analyzing the TOUGH2 output, because neither pore velocity nor mass flux in the global coordinates is given in the standard TOUGH2 output.
The p.m&dure for converting the l d fluxes along connections in the local cooxdhates to a mass flux, F, in the global C O O -(x, y, z) at the block center for block n of the grid is through the "projected area weighting method" (Wu et al., 1996) . In this weighting scheme, the flux component, F of the vector F, is computed as the vectorial summation of the components of all lodfbontection vectors in the same direction, weighted by the projected area in that direction,
where m is the total number of connections between element n and all its neighbouring elements m and F & the flux along connection nm in the local coordinate system. ni with i = x, y and z is the component in the x-,y-, and z-direction, respectively, of the unit vector n vector along the connection line nm between the two blocks n and m. In Equation (5). the term [&I q I] is the projected area of the interface %, on the direction i of the global coordinate system, and (Fmn) gives the flux component in the direction i of the gl~bal coordinate system contributed by the local flux F, between blocks n and m. Similarly, a component, v,&, (i=x,y and z) of the pore velocity vector (v,) at a center of element block n is calculated by, m Here a velocity component is weighted only by the interface area direction cosines.
Output files for visualization i,
The input data specified in block P A W sets up the various computation parameters (Pruess, 1987) . In particular in PARAM. 1 a set of input parameters denoted by MOP@, I=l, 24 are used. MOP(23) and MOP(24) are the two data fields that need to be specified to obtain the output files needed for visualization. The generation of the output is invoked by setting MOP(23) = 1 or 2. MOP(23)=0 does not lead to the post processing for flow velocity and flux calculations. Setting MOP (23) The standard TOUGH2 code allows for a selection of seven different capillary pressure versus water saturation functions (Pruess, 1987) . In the case that van Genuchten's function (van Genuchten, 1980 ) is used, the capillary pressure increases very rapidly when liquid saturation is near residual water saturation. The theoretical limit at residual water saturation is infinity. Numerically the infinite pressure condition was avoided by imposing a finite, large value (such as 1.00Ei-11 Pa and higher) at the residual water saturation. 
Data input for spatially varying rock properties
The rock properties for the various layers identified in the numerical model are input through the ROCKS.1 block in the input file. The implicit assumption using this format is that the various rock properties like permeability, porosity, grain density, thermal conductivity and rock grain specific heat are constant for a given rock type.
It is, however, common knowledge tfnat most of these rock properties heterogeneous. The spatial variability of a parameter is usually modeled using spatial random functions. Even though it is possible to input different m a t . properties for each grid block using the qualified version of the TOUGH2 modules, computer storage and computational intensity become enormous when dealing with 3-D site-scale field prob1ems. code only when the keyword SVPAR is present in the input file. The method adopted in TOUGH2 is to set a flag isvpara =I and read an input file svparam.dat which reads the porosity, rock grain density and thermal conductivity for each element of the model. The default condition is isvpam=O in which case the rock properties from the input data set as specified in ROCKS is read in (Pruess, 1987 Xis a soil characteristic parameter and is related to m, the vanGenuchten parameter (van Genuchten, 1980) . S, is the residual liquid saturation and S , is the residual gas saturation.
Addition of a relative permeability function in EOSlG
Th qualified version of the TOUGH2 model is based on an explicit foxm of relative permeability to the liquid phase with the relative permeability to gas phase in the matrix, assumed to be =3 However, the paramter of interest for the propagation of pneumatic signal the unsaturated rocks is diffusivity, which is the ratio of the permeability to the air-filled porosity of a model layer. The primary pathway for gas is assumed to be through the fractures in the densely welded rock strata. The matrix porosity adjacent to h t u r e s contributes little to gas flow but causes signal attenuation due to storage in the relatively large pore spaces. For the dual-permeability model with one matrix gridblock per layer, the (1-k,) formulation requires the estimated fracture permeabirlity in the model to increase by several orders of magnitude in order to propagate the pneumatic signal down to the lower model layers (Bandurraga and Bodvarsson, 1997) . The increases are not consistent with the air-k test results of LeCain (1997) . Therefore, the Brooks-Corey type gas relative permeability model (Luckner et al., 1989) was instituted for the matrix to reduce G. The new functional form of the relative permeability function gives rise to a larger interference of the gas phase. The new fonnulation provided a better match to the pneumatic test data.
The form of the equation is given by where S, is the liquid saturation, S, and S , rn the minimum and maximum liquid saturation (given as input in the ROCKS block as RP(2,mat) and RP(3,mat)) and m is the van Genuchten fitting parameter specified by RP(1,rnat).
4.
VaIidation Tests
The validation tests for the revised modules consists of developing a sample problem set which addresses a specific issue (different interfa a m reduction scheme, for example) and using the qualified code and the revised code to check the output in each case for output variables. Very similar. results (differences less than 1%) between the two versions of the codes would then lead to the conclusion that the revised code performs acceptably for qualification.
Sample problem 1:
Effective Continuum Method Module (ECM) using the EOS3 module
The sample problem considers onedimensional (I-D) vertical flow in the unsahmtal zone of Yucca Mountain and a single vertical column is exttacted directly fiom the 3-D site scale model (Bodvarsson et al., 1997) . The boundary condition specified is Dirichlet-type conditions. The bottom bomdary is treated as being at constant gas pressure, liquid saturation, and t e m p e m by specifying a large volume. A liquid water source is introduced to the second element from the top to provide constant water infitration. See Figure 2 for the input file and Figure 3 for the output file. The results of simulations a~ ~n t e d in Table 1-4. Tables 1 and 2 compare the pressures in each element between the two versions ofthe code and show that the output is identical in both the cases. A similar conclusion is reached when the liquid fluxes are compared (Tables 3,4 
Sample problem 2: Input of spatially varying rock properties
Even though the qsrdified version of the EOS3/EOS9 modules has no restriction on the number of rock cards which assign heterogeneous parameters, practical applications of such approaches are Wted due to requirement of computer storage and computational intensity for large field problems. Spatial variability of the different properties such as porosity and grain density is now being incorporated in the different conceptual models of flow and transport at Yucca Mountain. The inclusion of spatially variable rock properties in the TOUGH2 code is now facilitated through the use of SVPAR block in the input dataset (see Figure 4) and by needing an hput file named svparam.dat for the porosity, grain density and specific heat of all the elements. The advantage of the additional data file is that the svparandat file could be generated thorugh the use of different geostatistical i\ programs and the data file containing the spatial variability at different nodes could be directly read into the TOUGH2 code. Many other rock properties can be easily added to the input file if needed. An example of the svparam.dat is given in Table 5 and the output from the revised code and the qualified version is given in Tables 6 through 9 comparing the pressures and liquid saturations at steady-state conditions as well as liquid fluxes using the ECM EOS3 module. Table 5 . Example of the svparam.dat file where the porosity has been varied between the different rock types and/or model layers. Table 6 . Steady-state pressure and liquid saturation profiles obtained using the modified version of the EOS3 module where the spatially varying rock properties are input through the svparam.dat. Table 7 . Steady-state pressure and liquid saturation profiles obtained using the quallfied version of the EOS3 module where the ROCKS block is used to input the varying porosities. Table 9 . Steady-state mass flow rate in kg/s obtained using the qualified version of the EOS3 module.
4.3
Dual permeabiIity formulation with various interface area reduction factor A series of sample problems using the various options for modifying the interface area between matrix and fracture is developed. The results are shown for EOS9 module but a identical procedure and subroutines are used for the EOS3 and T2R3D module too. The problem consists of a onedhensional vertical grid with 45 non-uniform fiacture and matrix elements, and 65 connections. This is a onedimensional vextical moisture flow problem under two-phase and i s o t h d conditions. The bottom boundary element is set to constant liquid saturation by specifying a large volume. The second element from the top clement is subjected to a constant water infiltration.
Sam~!e ~roblem 3: ISWI"I'-l ISOT= -1 leads to duction in th fiacturemtrix interconnection ana by the fraction of the upstream block liquid saavation in the dual-permeability model.
The methodology selected to compare the results between the revised code and the earlier version of the code is to obtain the steady-state condition using the revised version of the code by selecting the appropriate ISOT value (for example ISOT=-1 in Figure 5 ). This corresponds to the case of modifying the interface a m by the upstream liquid saturation. From the results of the EOS9 module (Figure 6) , the appropriate value of the liquid saturation in two blocks (Fj425lMj425 and Fk425lMk425) are selected based on the capillary pressure values in the fractudmatrix blocks. The interface area in the input file is accordingly modified. The interface area for the Fj425/Mj425 connection is reduced from 0.3491EN6 to 0.3729Ei-M m2 and the corresponding reduction for the connection Fk4251Mk425 is from 0.4769EN6 to 0 . 5 1 2 9 W m2 in the CONNE block in Figure 6 .
The qualified version of the code is then m with the input file as shown in Figure 7 .
For the different cases considered here, we compare the pressure and the liquid saturation in the individual matrix and fkachue elements (identified with M and F, respectively). Model elements are also labeled alphabetically with a lower case letter (Mapa) starting from the surface. The element name also contains the map view element number. The input file for this problem is shown in Figure 5 and a section of the output file is given in Figure 6 . The results are presented after 100 time steps (0.510221E+13 see) In
Tables 10 to 13. Also compared are the mass flow rates across different interhx as shown below. . . 
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OUTPUT DATA AFTER ( 100, 3)-2-TIME I;TEPS TWE TIME IS 0.59054E+08 DAYS Table 11 . Pressure and liquid saturation profiles obtained using the qualified version of the EOS9 module after 100 timesteps (ISOT=-I). Table 19 . Steady-state pressure and liquid saturation profiles obtained using the qualified version of the EOS9 module (ISOT=-4). Table 20 . ! version of I teady-state liquid flow rate in kg/s obtained using the modified he EOS9 module (ISOTr-4). Table 21 . Steady-state liquid flow rate in kg/s obtained using the qualified version of the EOS9 module (ISOT=-4).
-For Ism=-7; the reduction factor for the fracture-matrix interface area is the normalized mass flux (fJ through fractures given by the following relation f, = q/ q,, where is the maximum mass flux through the ftactures, defined as fracture mass flux under unit vertical hydraulic gradient, and q,, is a normalized factor, input by the user. The results are reported after a total time of 0.510224E+13 seconds in Tables 22 to 25.   Table 22 . Pressure and Iiquid saturation proflies obtained using the modified version of the EOS9 moduIe after 100 timesteps (ISOT=-7). Table 25 . Liquid flow rate in kg/s obtained using the qualified version of the EOS9 moduIe after .I00 timesteps (ISOT=-7). TabIe 27. Pressure and liquid saturation profiles obtained using the qu'alified version of the EOS9 module after 100 timesteps @SOT=-8). Table 28 . Liquid flow rate in kg/s obtained using the modified version of the EOS9 module after 100 timesteps (ISOT=-8). TabIe 31. Pressure and liquid saturation profiIes obtained using the qualified version of the EOS9 module after 100 timesteps (ISOT=d). Table 32 . Liquid flow rate in kg/s obtained using the modified version of the EOS9 module after 100 timesteps (ISOT=3). Table 33 . Liquid flow rate in kgls obtained using the qualified version of the EOS9 module after 100 time steps (ISOT=-9).
Sample problem 9:
Modified weighting scheme for vitric/zeolitic matrix interface A one-dimensional c o l m as described for the earlier problems is used. The special tmtment of flow in the matrix for a dual-permeability formulation where a vitric layer overlies a zeofitic layer is done by setting ISOT=-2 for the matrix to matrix connection between the vitric and the zeolitic elements. A small section of the input file (CONNE block) is shown in Figure 8 . In this case the modified weighting scheme used for flow calculations are based on downstream mobility.
For this problem, EOS9 is used to simulate the two-phase conditions. A constant influx rate is specified at the second element from the top. The output at steady-state are given below in Tables 34 and 35 showing that the saturations are very similar in the two simulations presented. The steady state mass flow rate for the various elements are given in Tables 36 and 37 x lorn x lm) was generated using the MESHMAKER capabilities of the TOUGH2 code. The model problem consists of a two-dimensional flow domain with a constant isotropic permeability (k=0.8904 E l 2 m2) and a constant pressure difference of 1E+05 Pa applied across the two edges. The calculated velocity for this simple system is 0.8712E-06 m/s along the direction ofthe presswe gradient and zero across it and the results obtained h r n the simulations also gives the same value (Tables 38 and 39) .
The input file for this problem is given in Figure 9 . Table 39.   Table 39 . Liquid velocity in the x direction abstracted from the tough2.tec file for the two-dimensional flow problem.
Sample problem 11:
Transport module with dual permeability formulation (T2R3D)
The previously qualified version of T2R3D was developed for both the ECM and dual-pemeability approaches for handling transport in f r m media (Wu et al., 1996) . In the previous sections we have outlined several interface reduction schemes as the addition to the dual-permeability formulation for flow and transport. These modifications are identical to those discussed above for the EOS9 or EOS3 modules. In this section the T2R3D module is updated to incorporate the additional feature of transport in a dualpermeability media. The sample problem is designed for running the T'R3D code for the transport of a non-sorbing tracer. A onedimensional grid with the dual permeability formulation is chosen. Transport of an ideal tracer under two-phase and non-isothermal conditions is simulated. Both inlet and outlet boundary conditions are specified to be at constant pressure, liquid saturation, radionuclide mass fraction and temperaby specifying a huge volume. Transport of the ideal tracer occurs throu h advection and 5 molecular diffusion. The molecular diffusion coefficient is 1.0 E-10 m Is for the matrix and 1.0 E-13 m2/s in the fractures.
The T'R3D module was setup for the one-dimensional problem to validate the revised version of the module. Figwe 10 shows the input file for this problem. The mass fraction distribution of the tracer at each element at steady state is shown for the two versions of the code and they are identical (Tables 40 and 41 ). The flux rate calculations also give similar results ( 
Sample problem 12:
Addition of a modified relative permeability model in the EOSlG module A one-dimensional flow model is here used to validate the revised EOSlG module.
As noted earlier a modified form of relative permeability function for two-phase condition is used which provides for greater interference between the liquid and the air phase. The model consists of 100 elements. The boundary condition is Dirichlet-type where the bottom boundary node is held at a constant pressure of 90 kPa. The input file is given in Figure   1 1 . The propagation of the pressure pulse through the one-dimensional system is compared between the earlier version and the revised version of the codes. In the earlier qualified -1-& whereas in the revised model an explicit form of the relative permeability %-to gas is o tained by using the modSed form of the Bmks-Co~ey relation as discussed earlier.
The pressure profile after 1 day is shown below. Tables 44 through 47 compare the results between the revised version of EOSlG using the new relative permeability function and the qualified EOS 1G code. The results show that the two versions give very similar results, with a maximum difference observed to be less than 0.2%. The position of the pressure front is also at the same position in both the results. 
